Featured Application: The specific application of the research aims to food safety by reduction of aflatoxin contamination. Abstract: Aspergillus flavus and A. parsiticus produce aflatoxins that are highly toxic to mammals and birds. In this study, the inhibitory effects of 1,8-cineole and t-cinnamaldehyde were examined on the growth of Aspergillus flavus ATCC 22546 and aflatoxin production. 1,8-Cineole showed 50% inhibition of fungal growth at a concentration of 250 ppm, while t-cinnamaldehyde almost completely inhibited fungal growth at a concentration of 50 ppm. Furthermore, no fungal growth was observed when the growth medium was treated with 100 ppm t-cinnamaldehyde. 1,8-Cineole also exhibited 50% inhibition on the production of aflatoxin B 1 and aflatoxin B 2 at a concentration of 100 ppm, while the addition of 100 ppm t-cinnamaldehyde completely inhibited aflatoxin production. These antiaflatoxigenic activities were related to a dramatic downregulation of the expression of aflE and aflL by 1,8-cineole, but the mode of action for t-cinnamaldehyde was unclear. Collectively, our results suggest that both of the compounds are promising alternatives to the currently used disinfectant, propionic acid, for food and feedstuff preservation.
Introduction
Essential oils, which were obtained from several plants, have been considered to be potent fumigational insecticides that can be alternatives to the currently used manmade fumigants, including phosphine and ethyl formate, against stored product insects [1] [2] [3] . As some stored product insects have developed strong resistance to the currently used fumigants, such as phosphine, essential oils, having different target sites of insecticidal action and presumable selectivity for certain insects [4, 5] , might help to overcome the problem of resistance.
Recently, these essential oils have been introduced for their fungicidal activities for the control of agricultural pathogenic fungi, such as Aspergillus flavus, A. niger, A. ochraceus, Colletotrichum acutatum, and Fusarium graminearum [6] [7] [8] . Therefore, these plant oils can be used for dual purposes by controlling both insect pests and agricultural pathogenic microbes.
Mycotoxins produced by fungi spread steadily, contaminating agricultural foods and foodstuffs around the world, and there are several technologies that are available that use chemical and biological treatments and physiological applications to protect the foodstuffs from fungal toxins and to degrade the toxins before they reach the consumer [9, 10] . Interestingly, some essential oils can suppress mycotoxin contamination by inhibiting fungal growth and toxin production. Eucalyptus essential oils and cinnamon essential oils are potent inhibitors of A. flavus growth and suppressors of aflatoxin production [11, 12] . Their primary constituents are 1,8-cineole (or eucalyptol) and t-cinnamaldehyde, and their antifungal and antiaflatoxigenic activities have been reported previously [12, 13] . A previous report demonstrated a dramatic reduction of the expression of some genes that are involved in the biosynthetic pathways of aflatoxin B 1 by cinnamaldehyde [14] . However, no reports have described the mode of fungicidal action for the antiaflatoxigenic activity of 1,8-cineole. Additionally, the antifungal and antiaflatoxigenic properties of essential oils and their primary constituents need to be reconsidered before the introduction of these chemicals in agricultural industries, because the indefinite mode of antiaflatoxigenic action may be a major obstacle for their use in controlling A. flavus growth and aflatoxin production.
In the present study, 1,8-cineole and t-cinnamaldehyde were used to treat A. flavus and to examine the growth and suppression of aflatoxin production. Aflatoxin production was quantitatively determined while using high performance-liquid chromatography (HPLC) with a fluorescence detector. An RT-PCR technique was employed to understand how these chemicals decrease the expression of genes that are involved in the aflatoxin biosynthetic pathway, in order to comparatively measure the gene expression levels between the samples and the controls.
Materials and Methods

Chemicals and Microorganisms
1,8-Cineole and t-cinnamaldehyde were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Malt extract agar (MEA; Difco, Franklin Lake, NJ, USA) was prepared for the subcultures of the aflatoxin-producing fungi. Potato dextrose broth (PDB; Difco, Franklin Lake, NJ, USA) was also prepared for the liquid culture media. The other chemicals used in this study were of reagent grade quality. In this study, A. flavus ATCC 22546 was purchased from the Korea Culture Center of Microorganisms (Seoul, Korea).
Measurement of the Antifungal Activities of the Test Compounds
Measurement of the antifungal activities of the two test compounds were conducted according to a previous report [15] . Briefly, spores, equivalent to 10 6 of A. flavus, were transferred into PDB liquid culture media (25 mL), and the test compounds were added to the liquid media.
As the fungal mycelia and the test compounds were presented together, the liquid culture was left for five days with shaking at 25 • C. Three replicates for each concentration were produced for the test compounds. After completion of the incubation, the mycelial growth rates (%) were obtained by measuring the mycelial and sclerotial dry weights of the experimental samples as compared to the control. The control groups contained only solvent, and no test compounds. The arithmetic means of the three replicates for each concentration were analyzed for any significant differences when compared to the control using one-way ANOVA, followed by Tukey's test, and a p value < 0.05 was considered to be significant.
Aflatoxin Measurement Using High-Performance Liquid Chromatography (HPLC)
Measurements of the aflatoxin B-and G-types were conducted by HPLC, and the analytical conditions for HPLC were same as a previous report [16] .
Isolation of Total RNA and Gene Expression Analysis by RT-qPCR
After allowing fungal growth for five days, A. flavus mycelia were carefully collected by filtration with a cell strainer (SPL Life Sciences Co., Ltd., Gyeonggi-do, Korea). The filtered mycelia were left in a mortar and ground with some liquid nitrogen. Total RNA was obtained from the filtered A. flavus mycelia by the addition of the QIAzol Lysis Reagent (QIAGEN Inc., Hilden, Germany).
Extracted RNAs were first quantified while using a µDrop™ Plate incorporated with Multiskan™ Go Microplate Spectrophotometer (Thermo Fisher Scientific Inc., Ratastie, Finland). Then, the quantified RNA was examined qualitatively by electrophoresis using a 1% agarose gel with ethidium bromide. Complementary DNA (cDNA) was made using a Maxima First Strand cDNA Synthesis kit (Thermo Fisher Scientific Inc., Ratastie, Finland). For the procedure, extracted RNAs, which were equivalent to 2 µg, were used for cDNA synthesis.
cDNA (100 ng) was used for the analysis of gene expression with a Rotor-Gene SYBR Green PCR kit (QIAGEN Inc., Hilden, Germany) and RT-qPCR analysis. Specific primers for the genes were synthesized by Genotech (Daejeon, Korea) to determine the comparative levels of gene expression. The primers for the genes involved in aflatoxin biosynthesis (yap, aflC, aflD, aflE, aflG, aflK, aflL, erg28, aflR, aflS, and 18S rRNA) are listed in Table S1 . The PCR conditions were exactly the same as those reported previously [15] .
The RT-qPCR analysis was conducted three times for each sample. Differences in gene expression between the treated samples and the controls, after the addition of the test chemical, were calculated while using the 2 −∆∆Ct method [17] , followed by one-way ANOVA incorporated with Tukey's test (p value < 0.05). The results were recalculated after normalization with 18S rRNA expression, and the gene expression comparisons were further analyzed. t-Cinnamaldehyde almost completely inhibited A. flavus growth at a concentration of 100 ppm in the growth medium. Furthermore, at a concentration of 50 ppm, the fungal growth rate reached about 5% of that of the control. However, treatment with 10 ppm t-cinnamaldehyde showed no inhibition of A. flavus growth, as the fungal growth rate was over 100% when compared to the control. However, the AFB 1 production rate decreased to about 50% after treatment with 1,8-cineole at the concentration of 100 ppm. For AFB 2 production, 1,8-cineole suppressed the production to less than 50% at the concentration of 100 ppm. Figure 3 illustrates the inhibitory effects of t-cinnamaldehyde on AFB 1 production by A. flavus. AFB 1 production by A. flavus was completely inhibited by treatment with 100 ppm of t-cinnamaldehyde. However, the AFB 1 production rate was about 70% following treatment with t-cinnamaldehyde at a concentration of 10 ppm. For AFB 2 production, t-cinnamaldehyde totally inhibited production at the concentration of 100 ppm, while it lost its inhibitory effect at the concentration of 10 ppm. 
Results
Effects of 1,8-Cineole and t-Cinnamaldehyde on A. flavus Growth and Aflatoxin Production
RT-qPCR Analysis of the Expression of Genes Involved in Aflatoxin Biosynthesis
After the addition of the two test compounds to the A. flavus growth medium, the expression levels of genes that were involved in the AFB 1 biosynthetic pathway and ergosterol were examined using RT-qPCR with nine gene primers (Figures 4 and 5) . The examined genes express polyketide synthase (aflC), reductase (aflD), norsolorinic acid (NOR) reductase (aflE), P450 monooxygenase (aflK), and versicolorin B (VERB) synthase (aflL). Another three genes, yap, aflR, and aflS, are transcription factors for aflatoxin biosynthesis, and 18S rRNA was used to normalize the gene expression. A gene, erg28, was used to determine the expression of the ergosterol biosynthetic protein 28.
Following treatment with 1,8-cineole, the expression levels of two genes, aflE and aflL, were strongly downregulated from the two treatment concentrations (Figure 4 ). These two genes express NOR-reductase and VERB synthase. Interestingly, the transcription factors aflR and aflS increased slightly or were unchanged, respectively. The expression of other genes (aflC, aflD, aflG, and aflK) that are involved in aflatoxin biosynthesis exhibited no change at all of the treatment concentrations. However, erg28 expression was about two-fold higher in the 1,8-cineole-treated samples than the control.
For t-cinnamaldehyde, no genes involved in aflatoxin biosynthesis were differentially regulated in comparison to the control, except for the aflR gene, a transcription factor for aflatoxin biosynthesis ( Figure 5 ). At the treatment concentration of 10 ppm, the expression levels of aflL, aflK, and aflE were upregulated by about 200-fold, 40-fold, and 25-fold, respectively, in the t-cinnamaldehyde-treated A. flavus when compared to the control. However, there was no effect on erg28 gene expression. Therefore, only the aflR gene was expressed differently, indicating that this gene might play an important role in the reduction of aflatoxin biosynthesis during t-cinnamaldehyde treatment. Expression of genes (aflC, aflD, aflE, aflK, aflL, aflO, aflP, aflR, aflS, and yap) involved in aflatoxin biosynthesis in Aspergillus flavus treated with t-cinnamaldehyde. An ergosterol biosynthetic gene, erg28, was comparatively measured after treatment with t-cinnamaldehyde. Different letters above the same column indicate significant differences from the control group (p < 0.05).
Discussion
Agricultural foods and feedstuffs need to be safe until the customer can consume them properly, and thus, fungal infection and mycotoxin contamination during the storage and/or transport should be periodically monitored [18] . Additionally, effective control strategies for fungal infection and toxin production should be organized for the right place and time [19] . Chemical treatment has been seriously considered as an effective method to reduce fungal infection and toxin production in agricultural foods and feedstuffs [9, 15, 20] .
Recently, Moon et al. [21] reported that five food additives might be used to protect foods and feedstuffs from aflatoxin contamination. These authors demonstrated that benzoic acid up to 0.1% exhibited potent antifungal and antiaflatoxigenic activities against A. flavus at concentration levels below the legal limit for standard use; it can be used as an alternative food additive to propionic acids at those levels, because propionic acid, the currently used disinfectant, cannot be utilized due to the limitations of its standard use.
On the other hand, naturally occurring bioactive compounds, including plant essential oils and their major constituents, have been introduced, due to their strong antifungal activities [7, 8, 11, 22] . Among them, essential oil from Mentha longifolia, which contained 2.2% of 1,8-cineole, showed strong antifungal and antiaflatoxigenic activities towards A. flavus [22] . 1,8-Cineole showed moderate antifungal activity against A. flavus ( Figure 1A ) at a treatment concentration of up to 250 ppm. However, t-cinnamaldehyde exhibited strong antifungal activity when compared to 1,8-cineole ( Figure 1B) . In addition to the antifungal activity, the antiaflatoxigenic activity of t-cinnamaldehyde on aflatoxin production was higher than that of 1,8-cineole (Figures 2 and 3) . AFB 1 and AFB 2 decreased with increasing concentrations in the chemical-treated growth medium.
In this study, 1,8-cineole showed antifungal and antiaflatoxigenic activities towards A. flavus growth and AFB 1 production at a concentration of 250 ppm. Additionally, a recent report examined 1,8-cineole and showed that its minimal inhibitory concentration (MIC) and minimal fungicidal concentration (MFC) were lower than those of the currently used fungicide Nystatin [13] . They used 1,8-cineole at a concentration of 0.918 mg/mL (about 918 ppm) in the growth medium. Therefore, 1,8-cineole completely inhibited A. flavus growth, at least at a concentration of 918 ppm. With this antifungal activity, 1,8-cineole strongly inhibited AFB 1 production without non-phytotoxic effects on chickpea seed germination [13] . However, in the report, they did not explain how 1,8-cineole possessed antiaflatoxignic activity. In our study, 1,8-cineole strongly inhibited aflE and aflL gene expression in A. flavus (Figure 4 ). These two genes are responsible for the expression of norsolorinic acid reductase and cytochrome P450 monooxygenase/desaturase. Norsolorinic acid (NOR) reductase is responsible for the conversion of NOR to averantin [23] . This enzyme functions in aflatoxin biosynthesis after polyketide synthase [23] , which is at a very early part of the biosynthetic pathway. Therefore, 1,8-cineole inhibits the expression of the first enzyme to suppress aflatoxin production.
Moreover, 1,8-cineole downregulated the aflL gene, which encodes cytochrome P450 monooxygenase/desaturase and it presumably participates in the conversion of versicolorin B (VERB) to VERA [23] . This enzyme plays a key role in the separation of the AFB 1 subtype from the AFB 2 subtype. With the addition of 1,8-cineole, the AFB 1 production route will be blocked and the biosynthetic production of AFB 2 will be directly enhanced. This is the first reported method for the mode of the antiaflatoxigenic activity of 1,8-cineole.
Alternatively, t-cinnamaldehyde treatment showed strong inhibition of fungal growth and aflatoxin production, but the mode of its antiaflatoxigenic activity was not clear from our study ( Figure 5 ). At a low concentration of t-cinnamaldehyde, some genes were dramatically upregulated, even though the aflatoxin production decreased at the same concentration. Rather, Sun et al. [24] indicated that cinnamaldehyde inhibited fungal growth and AFB 1 production by oxidative stress. This reduction of AFB 1 production is not related to the downregulation of the biosynthetic genes, but instead, to the significant inhibition of some antioxidant enzymes, including total superoxide dismutase.
However, Liang et al. [14] determined changes in the expression of genes that are involved in aflatoxin biosynthesis, and cinnamaldehyde downregulated the expression of five genes of the tested genes, including aflR, aflT, aflD, aflM, and aflP. They were treating with cinnamladehyde at the concentration of 0.40 mmol/L, which is equivalent to about 132 ppm. At this concentration, cinnamaldehyde suppressed aflM gene expression 5963-fold, followed by aflP, aflR, aflD, and aflT with the average folds of suppression of 55, 18, 6.5, and 5.8, respectively. In our study, we could not collect total RNA from the fungi, because they did not survive properly at the concentration range of 50 to 100 ppm of cinnamaldehyde (Figure 1 ). It is likely that A. flavus, which was used in this study, may be differently affected by the action of cinnamaldehyde when compared to the fungi used in the study by Liang et al. [14] .
Conclusions
Two monoterpenoids, 1,8-cineole and t-cinnamaldehyde, which are present in eucalyptus and cinnamon essential oils, were examined for their inhibitory effects on fungal growth and aflatoxin production in A. flavus. 1,8-Cineole possessed antifungal and antiaflatoxigenic activities at the concentration of 250 ppm, while t-cinnamaldehyde at the concentration of 50 ppm showed potent inhibitory activities. However, a clear mode for the antiaflatoxigenic activity of 1,8-cineole was found from the dramatic downregulation of aflE and aflL gene expression, whereas t-cinnamaldehyde only demonstrated a slight inhibition of aflR gene expression. Taken together, our results show that these two monoterpenes can be considered to be promising preservatives in foods and feedstuffs to prevent A. flavus infection and aflatoxin contamination.
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